This work presents a systematic design of high performance eight element antenna array for a 5G mobile terminal operating at 2.6/3.5 GHz bands. The proposed eight element slot antenna array based on unit monopole slot antenna embedded in the metal casing or ground resonates at fundamental mode at 2.6 GHz. The antenna array is developed from four antennas (open-end slot antenna) etched near to the corner edges of the printed circuited board with supported pairs of vertically mounted slot antennas in middle section of the long edge ground plane. This combination of the antenna elements provided pattern diversity and enabled the smartphone in the reception of the signal in a different direction. The impedance bandwidth based on -10 dB return loss criteria cover from 2.4 GHz to 3.6 GHz includes the two allocated bands of (2400 MHz to 2600 MHz) and (3400 MHz to 3600 MHz) for 5G cellular communication systems. The vital MIMO performance measures as envelope correlation coefficient or ECC is less than 0.2 for any two antenna array meeting the required standard of less than 0.5 alongside the mean effective gain or MEG ratio of any two antenna meeting the required standard of less than 3 dB for power balance and optimal diversity performance. As modern smartphone demand desires slim handsets, the after mentioned compact multiple antenna structure can be easily implemented for the future smartphones as it utilizes the conductive sheet or chassis and the middle vertically mounted antenna do not use the additional space of the chassis or ground. The customer hand or human hand effect on the multiple antenna array to mimic the use of mobile phone customer is also studied. The maximum MIMO Channel capacity based on measured result is 34.25bps/Hz and is about 3 times of 2 × 2 MIMO operations.
I. INTRODUCTION
With steadily evolving of communication technology, there is an ever-increasing demand to maximize throughput with available bandwidth. This hardens task is attained by incorporating multiple antenna at the base station also referred as Massive MIMO [1] . On the contrary, accommodating multiple antenna on single printed circuit board is cumbersome and lead to mutual coupling. This interaction leads to a reduction in the efficiency of the antenna and worsens the performance of multiple antenna arrays for MIMO application for which antenna decoupling techniques as The associate editor coordinating the review of this manuscript and approving it for publication was Hassan Tariq Chattha. discussed in [2] are often used. Also, the smartphone is preferred to be less weight, thin, attractive, as result metal casings have become popular. By using conventional antenna such as a patch antenna, Inverted-F antennas or planarinverted-F antenna within proximity of metal casing leads to deteriorating radiation efficiency and bandwidth. Therefore, slot antenna embedded in the metal casing can be helpful with good performance regarding bandwidth and radiation efficiency to be used as multiple antenna structures to realize a MIMO system for future 5G smartphone. For future 5G technology providing Mobile broadband service at 2.6 GHz and 3.5 GHz band or also referred below 6 GHz band in [3] are allocated to be used by cellular companies. In the reported work [4] - [8] the multiple antenna arrays for 5G presented for specific frequency band such as in [4] the operating band is 2.4 GHz, in [5] , [6] the multiple antenna structure work at 2.6 GHz for MIMO application. The multiple antenna systems at 3.5 GHz also reported in [6] using open-end slot antenna and in [7] - [9] for 3.6 GHz. The other reported mobile antenna structure for MIMO implementation are mentioned in [5] - [7] , [10] - [17] . As reported multiple antenna structure for MIMO application vary in geometry and size and mostly support a selective frequency band. On the contrary, in this paper a multiple input multiple output MIMO structure is presented capable of operating at 2.6 and 3.5 GHz bands simultaneously or Wideband MIMO antenna with less complexity helpful to employ intra-band contiguous carrier aggregation to increase the data throughput and applicable to a future 5G smartphone.
II. ANTENNA CONFIGURATION
The detailed procedure to design eight slot antenna structure for implementation of MIMO operation in a smartphone is discussed in this section. Firstly, to swiftly accommodate 2G/3G/4G antenna, space reservation is made by allocating suitable area. The multiple antenna array is designed on the FR-4 substrate with a permittivity of 4.4 which serve as a circuit board with a dimension of 150 × 70 mm 2 .
The 
III. PORT EXCITATION MODELING
The off-center inverted L-shape microstrip-fed (ILMF) is used to couple electromagnetic power in the slot. The unit slot antenna resonates at the fundamental resonating frequency of 2.6 GHz. By choosing appropriate microstrip feeding (parallel feed configuration) mechanism or in this case ILMF, the electric field distribution can be modified and create fictitious short circuits along the slot, give rise to the additional resonance of 3.5 GHz besides the main one (2.6 GHz). The fictions short is produced when the slot electric field is effectively canceled by the electric field of the ILMF, previously reported in [18] . The electric field produced due to excitation of the slot is in the opposite direction to the source or ILMF feeding over the area (which does not have ground plane) result in this phenomena.
As shown in Fig. 3b , the null field or factious short circuit produced by ILMF. By properly adjusting the ILMF, the null field or factious short corresponds to second resonance at 3.5 GHz is attained. 
IV. S-PARAMETER ANALYSIS
Initially, a single open-ended slot antenna with a rectangular shape is etched near to the corner edge of the chassis with scattering parameters obtained using CST Microwave Studio 2019, as shown in Fig. 4a . From S-parameter result, it is evident that the single unit slot antenna can achieve impedance bandwidth covering 2.4 to 3.6 GHz helpful to operate for 2.6 and 3.5 GHz bands for future 5G wireless communication systems as illustrated in Fig. 5a . Then three more open-end slot antenna structure is craved in the system conductive sheet or chassis with signal port excitation already discussed in port modeling. The adding three more open-end slot antenna has less effect on the impedance matching for Ant1 as shown in the S-parameters ( Fig. 5b) . Naturally, the good isolation between antenna elements is quantified by scattering parameters attain (≤ −15 dB) as inter-spacing between them is greater than λ g /2. An attempt is made to mount two vertically mounted open-end slot antenna each along the long edges of the system chassis as demonstrated in Fig. 4a to Fig. 4e . This combination is beneficial because of its ease of integration with a smartphone without any significant modification to the system ground plane. Also owing to the symmetry concerning the middle line of the circuit board the performance of Ant1 and Ant5 are discussed for further study or design of array.
This combination is beneficial because of its ease of integration with a smartphone without any significant modification to the system ground plane. Also owing to the symmetry concerning the middle line of the circuit board the performance of Ant1 and Ant5 are discussed for further study or design of array.
To understand the effect of altering the position of slot antenna with the different combination is studied and classified as Case-1 and Case-2 with corresponding S-parameters as given in Fig. 5c and Fig. 5d respectively. And later, the proposed MIMO antenna array with corresponding S-parameters as shown in Fig. 5e . For Case-1, the resonating frequency of slot antenna Ant1 is shifted with a notch at 3.6 GHz, lack of covering the 2.6 GHz and isolation between antenna elements is better than 10 dB and inter-spacing is greater than half wave-length. As for Case-2, the orientation of the vertically mounted antennas are inverted. And the ILMF of each (Ant1 to Ant4) is moved to the opposite ends. But, it does not bear any significant change in its resonating frequency as shown in Fig. 5d , with minor improvement in impedance matching. Hence, for proposed structure, the vertically mounted slot antennas (Ant1 to Ant5) are shifted to mid-section of the system chassis, and the horizontal slot antenna reverts to original positions as shown in Fig. 5e . As expected the resonating frequency will be shifted as by adding vertically mounted slot antenna along edges, yet it can cover the required band of 2.6/3.5 GHz with good impedance matching. The isolation between Ant1 and Ant5 as quantified by S51 is greater than 13 dB and further improved to 20 dB for 3.5 GHz.
V. MEASURED RESULTS
The proposed antenna array for MIMO operation is fabricated as depicted in Fig. 6 . The measurement of scattering parameters is performed with the aid of Agilent Network analyzer N5247A. The 2-D far-field measurements are carried out in an anechoic chamber. The measured results are depicted in Fig. 7-Fig. 10 . The simulated result agrees well with the measured result for Ant1 and Ant5 with slight shift may attribute to SMA connector effect as shown in Fig. 10a . From the measured S-parameter result the Ant1 and Ant5 able to operate at 2.6/3.5 GHz based on (10 dB criterion).
The slight variation in measured results between Ant1 and Ant5 due to imperfect fabrication or soldering. Whereas the ports isolation is better than 13 dB for any two antennas for the proposed multiple antenna system. For brevity and clear representation and due to the symmetric configuration, some isolation curves (scattering parameters) are better than 20 dB within the operating band and are not given in Fig. 8 . The antenna efficiency is about 60-50% with the corresponding peak realized a gain of 2.3 dBi for Ant1 and for Ant3. Whereas for Ant2 and Ant4, it varied in the interval of 57 to 50 % with a corresponding gain of 1.98 dBi, as plotted in Fig. 9 .
A. MEASURED RADIATION PATTERNS
The 2-D far-field measurements are carried out in anechoic chamber. The directive power radiation pattern for the multiple slot antenna system is given for Ant1 and Ant5 at 
GHz obtained from simulation and measured results.
As with symmetric configuration, the Ant1 and Ant5 radiation patterns are selected for analysis of directive power gain. Furthermore, the radiation pattern covers the complementary space regions, result in pattern diversity. The simulated and measured radiation pattern is shown in Fig. 10 for φ = 0 • and φ = 90 • plane. (2)] are computed based on the assumption stated in [19] , [20] . The minimum ECC required for optimal MIMO performance should be less than 0.5 [21] , [22] . The calculated ECC for any two antenna is less than 0.2 and is plotted in Fig. 12 . For optimal diversity performance with good channel characteristics and to satisfy the balance power criteria The MEGs calculated for all eight antenna elements are given in Table. 1. Based on the measured results of 2-D far-field and meet the required standard of MEGi≈MEGj. The MIMO channel capacity is calculated based on stated conditions reported in [23] , and for the proposed MIMO antenna array, the measured channel capacity is 34.54 bps/Hz. Furthermore, customer hand effect on ECC and MIMO channel capacity are studied and the reduction of channel capacity in customer hand scenario is due to reduction of antenna efficiency [24] .
where M i (θ, φ) describe the 3D radiation pattern when antenna i is excited and M j (θ, φ) describe the 3D radiation pattern when antenna j is excited. The solid angle in the above equation (1) is represented as .
where G φ (θ, φ) and P θ (θ, φ) are angle of arrival and r is the cross polar ratio which can be expressed as Equation.
(3).
where the power received by vertically polarized antenna and horizontally polarized antenna is represented as P vpa and P hpa , respectively. 
VI. CUSTOMER HAND EFFECT
The customer hand or human hand effect on the multiple antenna array to mimic the use of mobile phone customer is studied in this section. As predicting, the performance of different usage positions is impossible, the only data-mode operation is considered for this study. It can be further classified as Single Hand Operation (SHO) and Two-Hand Operation (THO) as shown in Fig. 13 . The desired antenna performance metrics including S-parameters, total efficiencies and diversity measures such as envelope correlation coefficient for SHO and THO is presented in this section. By introduction of customer hand leads to dielectric loading of the proposed eight antenna array, affecting the performance, by absorbing radiating power in the near-field region result in the reduction of antenna efficiency as discussed in [24] - [26] . For SHO, the S parameters depicted in Fig. 14a reveals resonance shift for Ant6, due to lossy hand phantom correspondingly the total efficiency of antennas (Ant5, Ant6, Ant7, and Ant8). Under SHO, the port isolation in Fig. 14b are well below −10 dB. The (Ant1, Ant2, Ant3, Ant4) exhibit good radiation efficiency, resulted in better total efficiency which can be seen in Fig. 15c. Fig. 15d shows the ECC for any two-antenna element of the multiple antenna system is well below than 0.1.
The corresponding antenna efficiency for the SHO is given in Fig. 14c . According to SHO mode, the palm is near a smartphone, because of the efficiency for Ant5 to Ant8 less than 32% with Ant6 and Ant8 less than 25% due to close proximity. Furthermore, Ant1 and Ant2 are less affected with efficiency less than 52%.
In THO the thumbs are in close positioned along the short edges, right over the metal frame. There is minimum separation distance of 10 mm. And the extreme position antenna elements such as (Ant1, Ant2, Ant3, and Ant4) are completely covered. As with symmetric condition (Ant1, Ant2, Ant3, Ant4) performance is discussed. For antenna closer to the index finger (Ant1 and Ant3) the total efficiency is greater than 30 %.Thus, the proposed multiple antenna system is promising for massive MIMO operation under THO with application for 5G mobile terminal.
Recently, different techniques have been proposed to mitigate the user hand effect. According to [27] , a thick buffer material with high permittivity or dielectric constant with low loss or low conductivity used. Such material can be helpful to counter the near-field coupling of the radiating antenna with hand. This technique needs extra volume. Furthermore, in [28] dynamically selecting the antenna with the best performance metrics in the presence of user hand for a mobile terminal. Aside from the above-mentioned techniques, the user hand effect mitigated by using passive circuit components or tuning circuit classified as adaptive impedance matching (AIM) [28] . The AIM is a separate circuit module attached to the antenna with variable impedance to detect the time varying mismatch such as user'. This work studied the direct interaction of the antenna array with the user hand and the method discussed in [27] , [28] can be adopted to reduce the effect of user hand dielectric loading of the proposed antenna array. Table 2 shows the performance comparison between the proposed works and the previous report. We can see that our proposed antenna has better performance in terms of operating bandwidth and ECC.
VII. CONCLUSION
An eight-slot antenna array for MIMO operation is presented to be adopted for a 5G smartphone at 2.6 GHz and 3.5 GHz. Each antenna operates in the desired frequency band of operation (2.4 GHz -3.6 GHz) with the minimum acceptable isolation of (≤ −15 dB) and ECC less than 0.2 for any two antennas of the array. The calculated ergodic MIMO channel capacity for 8×8 MIMO based for the proposed MIMO antenna array based on measured was approximately 34.54 bps/Hz with 20 dB as reference SNR in free space scenario. It was 3 times larger relative to 2 × 2 MIMO antenna systems capacity of 11.5 bps/Hz. SAAD HASSAN KIANI received the bachelor's degree in electrical engineering from the City University of Science and Information Technology, Peshawar, Pakistan, in 2014, and the master's degree from Iqra National University, Peshawar, in 2018. He is currently a Visiting Lecturer with the Electrical Engineering Department, Iqra National University, and Abasyn University, Peshawar. His research interests include MIMO antenna array, 5G mobile terminals, wearable antennas, and multiband antennas.
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